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The impact of deformation on crystallization of Co67Si12B9Fe7Nb5 amorphous alloy has been studied by methods

of X-ray, scanning and transmission electron microscopy. It was found that deformation leads to the formation of

a heterogeneous amorphous structure consisting of shear bands (areas of reduced density) and a non-deformed

amorphous matrix surrounding them. The average change in the distance between the atoms in a deformed

amorphous alloy compared to the non-deformed one is 0.12%. Because of the formed reduced density regions

the crystallization processes is accelerated and a material with a higher proportion of the crystalline phase may be

obtained. The formation of nanocrystals with a body-centered cubic (BCC) lattice in an amorphous cobalt alloy is

discussed under the assumption that a crystal nucleation occurs in the ordered regions where the short-range order

corresponds to that of the BCC-phase being formed.
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1. Introduction

Developing the methods for fabrication of a composite

amorphous nanocrystalline structure opens up new ways

to create useful materials. Formation of nanocrystals in

the amorphous phase of many alloys provides a way better

physical and chemical properties of these alloys [1–6]. When

nanocrystals are formed in amorphous alloys of iron and

cobalt their magnetic properties noticeably improve, and

in aluminum and zirconium alloys this results in higher

strength with good ductility, etc. Such a change can be very

significant. Thus, in the amorphous alloy Fe75Si11B10Nb3Sn1
the coercive force makes 5A/m and when annealed to a

temperature of 500 ◦C it declines, however, with further

temperature rise to 530 ◦C the coercive force increases by

three orders of magnitude reaching as high as 4.4 kA/m.

Heat treatments at higher temperatures lead to a further

increase in coercive force, although at a slower rate [3].
Thus, structural relaxation helps to soften the magnetic

characteristics of amorphous alloys, magnetic hardening is

observed during crystallization: partially crystalline alloys

are soft-magnetic, and fully crystallized alloys are hard-

magnetic. Alloy Fe73.8Cu1Nb3.1B9.1Si13 in its amorphous

state has a positive saturation magnetostriction (about
30 · 10−6) [1]; during crystallization, nanocrystals of a

solid Si solution are formed in Fe, which has negative

magnetostriction helping to compensate for the positive

magnetostriction of the amorphous matrix. Eventually,

this leads to formation of a material with an almost zero

magnetostriction. When an amorphous nanocrystalline

structure is generated in Fe73.8Cu1Nb3.1B9.1Si13 alloy a huge

growth of permeability (up to hundreds of thousands units)
is observed.

An example of a fundamental change in mechanical

properties is demonstrated by the study of a bulk amorphous

alloy Zr50Ti16.5Cu14Ni18.5 during heating in situ. In tensile

tests under heating in situ [7], the flow stress and fracture

stress decrease monotonously with increasing temperature,

and the rate of decrease in flow stress is higher than the rate

of decrease in fracture stress. At temperatures below 325K,

a brittle-ductile transition occurs. At 775K the plastic strain

reaches its record value of 335%.

Heat treatment or deformation is usually used to form

an amorphous nanocrystalline composite structure [8–13].
Composite amorphous-nanocrystalline structures formed

during heat treatment and deformation turn out to be

different, and the observed differences depend both on

the conditions of external influences and on the chemical

composition of the alloy.

The difference in the phase composition of amorphous

nanocrystalline alloys which crystallize during heat treat-

ment and deformation is clearly evident in zirconium alloys.

When heat-treating the amorphous alloy Zr55Cu30Al15Ni5
the crystallization initiates from the formation of a

metastable phase with a hexagonal structure of space group

P63/mmc with parameters a = 8.66 Å, c = 14.99 Å, and in

case of strain an equilibrium crystalline phase of Zr2Cu

emerges with a lattice of spatial group Fd3m [13]. Studies of
the crystallization of amorphous alloy Zr50Ti16.5Cu14Ni18.5
during stretching at elevated temperatures have shown that

the portion of crystalline phase rises when a higher strain is

applied [7].
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A significant difference is also observed in the localiza-

tion of nanocrystals formed by heating and deformation

of [8,11–15]: in the amorphous phase after heat treatment,

the nanocrystals are chaotically distributed more or less

uniformly over the specimen, and in case of a deformed

material they are located in the area of deformation loca-

lization (in shear bands and their neighborhood) [16–20].
In the study of a group of light aluminum-based alloys, it

was found that nanocrystals of smaller sizes are formed

during plastic deformation than during heat treatment [21].
For a number of amorphous alloys, the dependence of the

forming nanostructure on the initial state of the amorphous

phase before the start of crystallization was also established:

whether the amorphous structure was homogeneous or

heterogeneous.

How typical are such differences and are they typical for

amorphous alloys of different chemical compositions? This

article is focused on the study of the deformation effect

on crystallization of an amorphous cobalt-based alloy. The

interest in these alloys may be caused due to two reasons.

Firstly, cobalt-based amorphous alloys are ferromagnetic

and have high magnetic properties. They have a lower

saturation magnetization compared to iron-based alloys, but

a higher Curie temperature [22], which is an evidence

of their potential usage at higher temperatures. The

second value is associated with a specific process of the

alloys crystallization. As seen in the phase equilibrium

diagrams during the primary crystallization of cobalt-based

amorphous alloys, it is natural to expect the formation

of crystals with a hexagonal close-packed (HCP) lattice

or a metastable phase with a face-centered cubic (FCC)
lattice (cobalt lattices), however, in cobalt alloys doped

with a small amount components with a body-centered

cubic (BCC) lattice [23], the formation of a BCC phase

was detected. The studies outlined in [23], covered the

crystallization of amorphous phase during heat treatment.

Due to the described difference in the amorphous-crystalline

structure formed during heat treatment and deformation,

it was interesting to investigate the deformation effect on

crystallization of an amorphous cobalt alloy doped with

components having a BCC-lattice.

2. Experimental procedure

The initial alloy Co67Si12B9Fe7Nb5 was fabricated by arc

melting in purified argon of pure (> 99.9%) components.

Amorphous alloy as a ribbon 30µm long and ∼ 1 cm

wide was obtained by method of a rapid melt quenching,

with the melt cooling rate of 106 K/s. The composition

of the quenched ribbons was controlled by local X-ray

microanalysis using Zeiss Supra 50VP scanning electron

microscope appliance. Except for Boron, all components

were detected with an accuracy of 0.1%. The specimens

were subjected to heat treatment followed by application

of deformation. Heat treatment (isothermal annealing for

1 h at different temperatures) was carried out in a SUOL

resistance furnace, deformation was applied by repeated

rolling at room temperature on a laboratory rolling mill VEB

Schwermaschinenbau. The strain degree was found by the

formula

ε = (h0 − h1)/h0,

where h0 and h1 — thickness of the specimen before and

after deformation, accordingly.

The specimens surface was studied using ZeissSupra

50VP scanning electron microscope (SEM). X-ray diffrac-

tion studies were performed on Siemens D-500 X-ray

diffractometer using CoKαradiation. The specimens mi-

crostructure was studied by transmission electron mi-

croscopy (TEM) on a JEOL-100 CXII electron microscope;

the foils for electron microscopic studies were prepared

by ion thinning. The structure was monitored at each

stage of the specimen treatment (after quenching, annealing,
and/or deformation), and special substrates that had no own

reflections were used during X-ray diffraction studies [24].
When processing the spectra, programs were used that

enabled to carry out smoothing, background correction, and

separation of overlapping maxima. The size of nanocrystals

was estimated by FWHM of the diffraction maximum [25].

3. Experimental results

After fabrication the ribbons were amorphous. Figure 1

shows an X-ray diffraction pattern of the initial alloy, which

contains only diffuse reflections characteristic of the amor-

phous phase. Figure 2 shows an electron microscopic image

of the amorphous alloy immediately after its fabrication.

As noted above, the specimens were deformed by

repeated rolling at room temperature. The image of the

surface of the deformed alloy obtained by scanning electron

microscopy is shown in Figure 3. The figure shows the

irregularities of the relief — the places where the shear

bands exit onto the specimen surface.

The change in the structure in deformation of an

amorphous alloy depends on the strain degree. With a small
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Figure 1. X-ray diffraction pattern of the initial amorphous alloy.
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100 nm

Figure 2. TEM-image of the initial amorphous alloy.

1 µm

Figure 3. SEM-image of the deformed alloy surface.
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Figure 4. X-ray diffraction patterns of specimens with a

2% (curve 1) and 8% (2) strain degree.

strain degree (2%), the position of the diffuse maximum on

the X-ray diffraction pattern practically does not differ from

its position on the X-ray diffraction patterns of the original

non-deformed specimen (the displacement of the diffuse

maximum to the region of smaller angles is on the verge of

measurement accuracy), with the rise of strain degree, this

difference increases. Figure 4 shows the X-ray diffraction

patterns of specimens deformed by 2% (curve 1) and 8%

(curve 2) — only the region of the first diffusion maximum

is given for clarity.

It should be noted that, despite the seemingly identical

X-ray diffraction patterns, the average radius of the first

coordination sphere (the shortest distance between atoms)
differs.

As is known, the intensity of X-ray scattering by the

amorphous phase is determined by the formula

I(S) = NF
2(S)

{

1+

∞
∫

0

4πR
2[ρ(R) − ρ0] sin(SR)/(SR)dR

}

,

where N — total number of atoms per unit volume, F(S) —
scattering amplitude, ρ(R) — number of atoms per unit

volume located at a distance of R from the selected atom,

ρ0 — average number of atoms per unit volume, S —
parameter related to the wave vector [26]. The sequence of

maxima of I(S) is determined by the sequence of maxima

of sin(SR)/(SR) function. This function has its maxima at

the values SR equal 7.73, 14.06, 20.46 and etc., while the

first coordination sphere radius R1 makes

R1 = 7.73/S1 = 14.06/S2 = 20.46/S3 . . .

It is clear that the radius of the first coordination

sphere can be determined from the wave vector magnitude

corresponding to any maximum of the scattering intensity

curve. Usually, the position of the first maximum is used

for this, since it is the most intense one [27]. According to

Ehrenfest equation, the value of R1 is [26]

2R1 sin θ = 1.23λ,

where λ — the wavelength of the radiation used, θ —
diffraction angle.

The radius of the first coordination sphere of the

initial specimen determined in this way is R1,0 = 2.479 Å,

and that of the deformed one — R1,deform = 2.482 Å.

This means that the change in the distance between

atoms under the applied deformation conditions is

1R1 = R1,deform − R1,0 = 0.003 Å, i. e. 0.12%.

Using these values, we can estimate the change in free

volume 1V as a result of deformation using the formula [27]

1V = (R3
1,deform − R

3
1,0)/R

3
1,0 · 100%.

This is consistent with the increase of free volume 1V

by 0.36%.

The initial and deformed specimens were annealed

simultaneously.

Figure 5 illustrates the X-ray images of alloys annealed at

460 ◦C for 1 h. It can be seen that during the preliminary

deformation, the intensity of the maximum increases, and its

FWHM declines. Lower FWHM of the diffuse maximum

on the X-ray diffraction pattern indicates that there’s a
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Figure 5. X-ray diffraction patterns of initial specimen (curve 1)
and specimens deformed by 2% (2) and 8% (3) after an hour

annealing at 460 ◦C.

Table 1. The proportion of nanocrystalline phase in the annealed

specimens depends on the degree of pre-deformation

Degree Proportion of

strain, % the nanocrystalline phase, %

0 13

2 17

8 21

diffraction contribution to the curve, i. e., crystals appear

in the amorphous phase. To estimate the proportion of

nanocrystals, the observed maxima were separated into a

diffuse component from the amorphous phase and into a

diffraction component from the nanocrystals. The standard

program [20,27,28] was used for expansion using Voigt

function, which is a combination of Gauss and Lorentz func-

tions. Figure 6 shows the expansions of X-ray diffraction

patterns of the annealed specimens without pre-deformation

(Figure 6, a) and after pre-deformation by 2% (Figure 6, b)
and 8% (Figure 6, c). Curve 1 — experimental, 2 —
amorphous phase scattering curve, 3 — diffraction reflection

from nanocrystals, 4 — sum of curves 2 and 3.

The average crystal sizes were determined from FWHM

of the diffraction peaks and Selyakov-Scherrer formula [25].
The size of nanocrystals in an annealed specimen without

preliminary deformation is 6 nm, and in specimens de-

formed by 2 and 8% — 5.9 and 6 nm, respectively. Within

the limits of experimental accuracy, the average size of

nanocrystals is the same. Unlike the size, the proportion of

nanocrystals depends on the treatment conditions. Table 1

shows proportions of the nanocrystalline phase depending

on the strain degree.

It can be seen that as the strain degree rises, the

proportion of the nanocrystalline phase increases.

In
te

n
si

ty

6448 52 5644

Diffraction angle 2 , degq

60

2

1
3

4

c

In
te

n
si

ty

6448 52 5644

Diffraction angle 2 , degq

60

2

13

4

b

In
te

n
si

ty
6448 52 5644

Diffraction angle 2 , degq

60

2

1
3

4

a

Figure 6. a — X-ray diffraction pattern of the initial specimen

after annealing for 1 hour at 460 ◦C; b — X-ray diffraction pattern

of specimen deformed by 2%, after annealing for 1 hour at 460 ◦C;

c — X-ray of specimen deformed by 8%, after annealing for

1 hour at 460 ◦C.
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100 nm 100 nm

a b

Figure 7. Bright-field (a) and dark-field (b) electron microscopic images of annealed specimens without pre-deformation.

100 nm 100 nm

a b

Figure 8. Bright-field (a) and dark-field (b) electron microscopic images of annealed specimens with pre-deformation of 2%.

Figures 7 and 8 show bright-field and dark-field electron

microscopic images of annealed specimens without pre-

deformation (Figure 7) and with a preliminary deformation

of 2% (Figure 8). The insets to the bright-field images show

the corresponding electron diffraction patterns, which show

both a diffuse halo from the amorphous phase and point

reflections from the nanocrystals.

Using dark-field images, the average size of nanocrystals

was determined across 500 measurements, and this size

was 6.2 and 6.1 nm for the non-deformed and deformed

specimen, respectively. These values practically coincide

with the results obtained by X-ray diffraction method.

Comparative values of the average sizes of nanocrystals

obtained by different methods are given in Table 2.

As the annealing temperature rises, the proportion

of the crystalline phase increases. After annealing at

600 ◦C the specimens contain FCC-Co [29], BCC-phase

and Co16Nb6Si7 (lattice of space group Fm3̄m (225),

a = 11.235 Å) [30], as well as remaining amorphous phase

(a diffuse halo in the region ∼ 48−58◦). Figure 9 demon-

strates the X-ray diffraction patterns of specimens annealed

at 600 ◦C for 1 h: without pre-deformation (curve 1) and

after deformation 2% (2) and 8% (3). BCC- and FCC-

phases actually represent themselves the solid solutions of

the alloy components.

The phase composition of the annealed specimens is the

same, but the proportion of the crystalline phase in them is

different. The inset to Figure 9 shows the area of the most

intense reflections. It can be seen that with the higher strain

degree the proportion of phase Co16Nb6Si7 rises. Higher

intensity of diffraction reflections also indicates a decrease

in the proportion of amorphous phase in the specimen.

The largest proportion of the crystalline component of

the structure is observed after deformation of 8%, the

smallest — in the non-deformed specimen. As shown

above, the same trend was observed after annealing at a

Physics of the Solid State, 2026, Vol. 68, No. 2
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Table 2. The average crystal size determined by transmission electron microscopy and X-ray diffraction analysis

Average crystal size d, nm

Specimen Transmission
X-ray diffraction

electron
analysismicroscopy

Annealing without pre-rolling 6.2 6

Annealed after deformation 2% 6.1 5.9

Annealed after deformation 8% − 6
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Figure 9. X-ray diffraction patterns of specimens annealed

at 600 ◦C for 1 h: without pre-deformation (curve 1) and after

deformation 2% (2) and 8% (3). Reflections from phase

Co16Nb6Si7 are designated by triangles, from BCC-phase — by

arrows, from FCC-phase — by criss-cross.

lower temperature (at 460 ◦C). Thus, pre-deformation helps

to accelerate the crystallization processes.

4. Discussion of findings

The results obtained can be roughly divided into three

groups.

1) Even with a slight deformation of the amorphous alloy,

a shift of the diffuse maximum in the X-ray diffraction

patterns to a region of smaller angles is observed. As noted

above, the change in the radius of the first coordination

sphere (the distance between atoms) is about 0.12%. Such a

change indicates the appearance of regions of lower density

in the specimen — shear bands. It is known that plastic de-

formation in amorphous alloys is highly localized and leads

to the formation of shear bands [8,31–37]. The thickness

of the shear bands is 5−20 nm [32,35,37], their structure is

complex, and changes in the structure of the amorphous

phase can propagate over long distances from the shear

band, up to 200 nm. The amorphous phase in the shear

bands has a lower density compared to the surrounding

amorphous matrix [32], and the density difference may

reach 10% [32,36]. In these areas, the processes of diffusion

mass transfer are noticeably facilitated. It was found that the

diffusion coefficient in the shear bands at room temperature

is 5−6 times higher than in the surrounding amorphous

matrix [38], which may result in accelerated crystallization.

The degree of structural change in the shear band naturally

depends on the deformation conditions. The nanocrystals

are initiated in the shear bands and their neighborhood [8].
During deformation, nanocrystals are formed even in alloys

where they are not formed during heat treatment. As a

result of deformation, the structure of the amorphous alloy

becomes heterogeneous and is itself a kind of nanoglass; the

amorphous phase consists of regions of different densities:

regions of shear bands (with lower density) and non-

deformed amorphous phase (with higher density).
Consequently, as a result of deformation, the amorphous

structure becomes heterogeneous and consists of shear

bands (areas of reduced density) and surrounding areas

of non-deformed amorphous matrix. This means that the

observed changes in the radius of the first coordination

sphere represent the
”
average“ value for the specimen. R1 is

an averaged value [27]

R1 = (a · R1,specimen + b · R1,shear band),

where a and b — the volume fractions of the unchanged

amorphous phase and the shear bands, respectively. Since

the volume fraction of the shear bands is small, the change

in the average radius of the first coordination sphere

1R1 = R1,deform − R1,0

shall be small which is observed experimentally.

Thus, the deformation of amorphous alloy leads to

the formation of a heterogeneous amorphous structure

consisting of regions of different densities and, as a result,

with different parameters of diffusion mass transfer.

2) As noted above, shear bands are places of reduced

density or, in other words, areas with a high content of

free volume. The free volume plays an important role in

the crystallization of the amorphous phase. The quenched

alloys inherit the density of the melt, with structural
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relaxation the free volume declines and it rises with

deformation [39,40]. There are many studies highlighting the

changes in free volume during deformation of amorphous al-

loys [32–34,38,40–45]. With the observed, seemingly small

amount of change in the distance between atoms and a small

change in the free volume δV (∼ 0.36%), these changes are
enough to accelerate the crystallization processes. It should

be stressed that the impact of the amorphous phase structure

(homogeneous or heterogeneous) persists even with the

growth of the annealing temperature. Figure 5 shows the

difference in the structure of the annealed specimens at

460 ◦C after various strain degree (curves 2 and 3). It can
be seen that as the strain degree increases, the proportion

of the crystalline phase becomes larger. After annealing

at a higher temperature (600 ◦C, Figure 9), the difference

persists: with the same phase composition, the proportion

of the crystalline component of the structure rises. This

is especially visible on the reflections of Co16Nb6Si7 phase

(Figure 9, inset). With an increase in the strain degree

(an increase in the number of areas of reduced density

and, consequently, areas of accelerated mass transfer),
the amount of the crystalline phase increases. It is also

important to note that the size of nanocrystals does not

depend on the strain degree.

Heterogeneous amorphous structure in amorphous alloys

can be formed both as a result of chemical redistribution

of components (formation of regions enriched with one

or another component of the alloy during low-temperature

annealing, which does not lead to crystallization), and as

a result of deformation (formation of regions of different

densities). Earlier, when studying amorphous aluminum-

based alloys, it was found that the proportion of nanocrystals

formed in a heterogeneous amorphous structure during

subsequent annealing is higher in preformed specimens than

in the pre-annealed ones [21]. The same pattern is observed

in cobalt alloys (Figs. 5 and 9, curve 1 in both figures).
Thus, the formation of areas of reduced density as a result

of the deformation of the amorphous phase accelerates the

crystallization processes and makes it possible to obtain a

material with a higher proportion of the crystalline phase.

3) It is known that the crystallization of amorphous alloys

of the metal-metalloid group of pre-eutectic composition

usually starts with formation of crystals of the alloy’s main

component or a solid solution based on it. As mentioned

above, it has been recently discovered that in Co-Si-B-M

alloys (where M= Fe,Nb) the crystallization starts with

release of BCC-phase instead of the expected crystals

with FCC- or HCP-lattice corresponding to the crystalline

modifications of cobalt. The formation of a BCC phase was

observed in an amorphous cobalt-based alloy doped with

components with a BCC lattice [23]. Earlier the formation

of BCC-phase, typical for Fe phase, was observed in Co

alloys only at quite high iron concentration (with the ratio

Co:Fe at least 2 : 1, e. g., 65%Co and 35%Fe [46,47]), how-

ever, in the latest studies Fe concentration was 5−10 at.%

and was no higher than 16 at.%. The conducted stud-

ies [23,48,49] allowed to find the dependence of BCC phase

formation on the concentration of alloying components with

a BCC-lattice and showed that nanostructure parameters

(size and proportion of nanocrystals) depend on their

concentration. Papers [23,48,49] describe the studies made

during the amorphous alloys heat treatment. In this paper,

the crystallization of amorphous alloys subjected to plastic

deformation was investigated. It was found that the alloys

annealed after deformation and without pre-deformation had

the same phase composition; only the fraction of crystalline

phase differed. The reasons for the formation of a structure

atypical for cobalt-based alloys during heat treatment were

discussed in detail in [23,48,49]. It has been shown that

crystal nucleation and growth occur in the ordered regions

enriched in doping components that have a BCC lattice

(Fe,Nb), where the short-range order corresponds to the

short-range order of the BCC phase.

5. Conclusion

Studies of the cold rolling deformation effect on crys-

tallization in the amorphous alloy Co67Si12B9Fe7Nb5 have

shown that

• deformation of an amorphous alloy leads to the forma-

tion of a heterogeneous amorphous structure consisting of

shear bands (regions of reduced density) and surrounding

regions of an non-deformed amorphous matrix; the average

change in the distance between atoms in a deformed

amorphous alloy compared with the non-deformed alloy

is 0.12%;

• in the deformation conditions used, the change in the

free volume 1V makes 0.36%; the formation of reduced

density regions as a result of deformation accelerates the

crystallization processes and makes it possible to obtain a

material with a greater proportion of the crystalline phase;

• the effect of the amorphous phase state (homogeneous

or heterogeneous structure) before the start of crystallization
persists even during annealing at elevated temperatures (up
to 600 ◦C);
• the formation of nanocrystals with a BCC lattice in an

amorphous cobalt alloy is discussed under the assumption

that a crystal nucleation occurs in the ordered regions where

the short-range order corresponds to that of the BCC-phase

being formed.
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